Lithium ferrite (LiFe 5 O 8 ) is a cubic ferrite, belongs to the group of soft ferrite materials with a square hysteresis loop, with high Curie temperature and magnetization. The spinel structure of LiFe 5 O 8 has two crystalline forms: ordered, β-LiFe 5 O 8 (Fd3m space group) and disordered, α-LiFe 5 O 8 (P4 1 32/P4 3 32 space group). It has numerous technological applications in microwave devices, computer memory chip, magnetic recording, radio frequency coil fabrication, transformer cores, rod antennas, magnetic liquids among others. It is also a promising candidate for cathode in rechargeable lithium batteries. In this work, the dc electrical conductivity, the impedance spectroscopy and the magnetization of Li 2 O-Fe 2 O 3 powders, with [Li]/[Fe]=1/5 (mol), heat-treated at several temperatures, are studied and related to their structure and morphology. The structural data were obtained by X-ray diffraction and Raman spectroscopy, and the morphology by scanning electron microscopy. The impedance spectroscopy was analysed in function of temperature and frequency, and it was observed that the dielectric properties are highly dependent on the microstructure of the samples. The dc magnetic susceptibility was recorded with a vibrating sample magnetometer, under zero field cooled and field cooled sequences, between 5-300 K. Typical hysteresis curves were obtained and the saturation magnetization increases with increase in heat-treatment temperature.
Introduction
Technologically, ferrites are very important due to their interesting magnetic and electrical properties which can be exploited for applications in high-capacity batteries, electrochromic displays, wastewater cleaning, low magnetization ferrofluids, intercalation electrodes in rechargeable batteries and as strong oxidizing agents [1] [2] [3] [4] [5] . Ferrites crystallize in three structure: (i) cubic spinel structure with the general formula MO.Fe 2 O 3 where M is a cation with (3+) charge such as Y or another rare earth [6] .
The cubic lithium ferrite (Figure 1) , spinel LiFe 5 O 8 [7] , is one of the most important ferrites, and it belongs to the soft ferrite materials group, with high Curie temperature (620°C) [8] , square hysteresis loop and high magnetization. The spinel lithium ferrite has been widely studied and confirmed to have two crystalline forms: β-LiFe 5 3 32) , called ordered spinel phase. The first one is obtained by the rapid quenching of the samples from temperatures above 800°C to room temperature. Upon slow cooling and below 750°C, an ordered phase is obtained [9] . In the ordered form, α-LiFe 5 O 8 , the octahedral 12d and tetrahedral 8c sites are occupied by iron ions, Fe 3+ , and the octahedral 4b positions are occupied by lithium ions, Li + , in the cubic primitive cell. The disordered structure, β-LiFe 5 O 8 , has an inverse spinel structure, where the tetrahedral 8a positions are occupied by Fe 3+ ions and the ions Li + and Fe 3+ are randomly distributed over the 16d octahedral positions [10, 11] .
To prepare LiFe 5 O 8 by solid-state reaction method, high temperatures (>1200°C) are needed, which is a major issue due to the volatility of lithium above 1000°C. Therefore, the prepared material has a low quality because the sintering process normally leads to low specific surface areas [12] , affecting its electrical and magnetic properties. Several chemical methods have been used for synthesis, such as co-precipitation, glass crystallization, hydrothermal, mechanical alloying and sol-gel methods. Therefore, the preparation of LiFe 5 O 8 at low temperatures is a subject of interest. 
Magnetic Spinels-Synthesis, Properties and Applications
In order to improve the material properties, in this work lithium ferrite was prepared at a low temperature, by the solid-state reaction method using iron and lithium nitrates as precursors. First, the use of nitrates as base materials and, second, the use of the high-energy planetary ball milling to prepare the base material for further heat treatments are not conventional route and denote improvements which have not been reported in the literature. The electric and magnetic properties of the ferrite prepared by this method have been already published [5, 13, 14] . With the main aim to enhance the electric and magnetic properties of LiFe 5 O 8 and determine the best temperature for the thermal treatment, the powders after the ball milling are heat-treated at different temperatures.
The dependence of the particle size with the sintering temperature was also studied, and these studies were correlated with the measured electrical, dielectric and magnetic properties. The obtained results were analysed and compared with those presented in the literature.
Methods and procedures
As described in detail in our recent papers [5, 12, 13] , the solid-state method was used to prepare lithium ferrite (LiFe 5 O 8 ) powders starting with iron (III) nitrate (Fe(NO 3 ) 3 .9H 2 O) and lithium nitrate (LiNO 3 (Merck KGaA, Darmstadt, Germany). Considering the 1:5 required stoichiometry of Li:Fe, appropriate amounts of the two starting materials were mixed and homogenized in a planetary ball mill system (Fritsch Pulverisette 7.0) at 250 rpm for 1 h using equal volumes of balls to powders. Following this, 10 mL of ethanol was added to the mixture followed by additional ball milling at 500 rpm for 3 h, stopping the system for 5 min every hour to reduce over-heating. Next, in order to evaporate the ethanol, the vessel with the mixture was placed in a furnace at 80°C for 24 h. The next step in the synthesis procedure was heat treatment of the powder at nine temperatures between 200 and 1400°C (see Figure 2 ) at 10°C/min in two steps: first at 100°C for 1 h and the second at desired temperature for 4 h. After this heat treatment, the samples were structurally characterized using the techniques of X-ray diffraction (XRD), micro-Raman spectroscopy and scanning electron microscopy (SEM). The equipment used for the structural characterization was X'Pert MPD Philips diffractometer (CuKα radiation, λ = 1.54060 Å) for X-ray diffraction, an HR-800-UV Jobin Yvon Horiba spectrometer (532 nm laser line) for micro-Raman spectroscopy using a microscope objective (50×) and a Hitachi S4100-1 SEM system for SEM images with the samples covered with carbon before microscopic observation. Further details on these procedures are given in Refs. [5, 12, 13] . Electrical and magnetic measurements on the samples were performed following the structural characterization.
For the measurements of electrical conductivity and impedance, the samples were pressed into 2-mm-thick discs with the opposite sides of the discs painted with silver paste for electrical contacts. The measurements were performed in helium atmosphere in order to improve the heat transfer and eliminate the moisture. The dc conductivity (σ dc ) was measured from 100 to 360 K employing a Keithley Model 617 electrometer using applied voltage of 100 V. Employing an Agilent 4294A precision impedance analyser in the Cp-Rp configuration, the measurements of impedance in the frequency range of 100 Hz-2 MHz were performed from 200 to 360 K.
The magnetic properties of the samples were measured using a vibrating sample magnetometer (VSM). The dc magnetic susceptibility was measured from 5 to 300 K under two protocols: (i) cooling the sample in zero field (ZFC) and (ii) cooling the sample with the magnetic field applied (FC). Typical hysteresis curves were obtained at several temperatures. Adapted from Refs. [13, 14] .
treatments at 1050, 1100 and 1150°C, all diffraction peaks can be assigned to the lithium ferrite crystal phase as described in Eq. (1) 
In the sample heat-treated at 1400°C, besides the peak characteristics of magnetite, lithium ferrite and lithium ferrate crystal phases also present peak characteristics of hematite, Eq. (3).
In this sample, the major phase is attributed to lithium ferrate crystal phase showing broad diffraction peaks. To determine the crystallite size, L c , of lithium ferrite crystal phase, the Debye-Scherrer equation was used:
Here, β is full width half maximum of the diffracted peaks, λ is the wavelength of X-ray radiation, θ is the angle of diffraction and N is a numerical factor frequently referred to as the crystallite-shape factor [15, 16] and being N = 0.9 a good approximation in the absence of detailed information [17] .
Substituting the relevant data from XRD profile measurement, the average crystallite sizes and its errors bars are shown in Figure 3 .
A crystallite size of about 85 nm was observed in the samples heat-treated at 1050, 1100, 1150°C, which only presents LiFe 5 O 8 crystal phase, and in the sample heat-treated at 1200°C. The sample treated at 1000°C has the lowest crystallite size, 31 ± 1 nm.
The samples presenting LiFe 5 O 8 as major crystal phase, that is, heat-treated at temperatures between 400 and 1400°C, were also analysed using Raman spectroscopy (Figure 4) .
According to the Raman spectroscopy spectra, all the samples show the vibration mode characteristic of both ordered and disordered lithium ferrite phases.
For the samples treated between 1000 and 1400°C, the vibrational peaks at 199-206 and 237-241 cm −1 indicate the presence of the ordered α-LiFe 5 O 8 phase [18] . All the vibrational peaks of the LiFe 5 O 8 phase are given in Table 1 . In the samples heat-treated at 600, 1000 and 1400°C, besides the vibrational modes that mark the presence of lithium ferrite, the vibrational mode characteristic of α-Fe 2 O 3 is also present [19] .
According to the Raman spectra, for the sample heat-treated at 1200°C and crossing with the XRD results, we can infer about the vibration modes of the lithium ferrate (Li 2 FeO 3 ). The In the morphological analysis of the samples (Figure 5) , the increasing of the particle size is clearly visible from 100 nm for the sample heat-treated at 400°C to 4 µm approximately for the sample heat-treated at 1400°C.
The aggregation of the spherical grains is quite evident, related to the Fe 2 O 3 , with the increase in the heat-treatment temperature. The formation of the LiFe 5 O 8 phase shows a different microstructure, with prismatic grains clearly visible in the sample with heat treatment at 1150°C. In the sample treated at 1400°C, the formation of small grains attached to the prismatic grains is evident. As the shape of these grains is spherical, it could be attributed to the formation of Fe 2 O 3 , once this shape is the same as the one present in the samples treated at low temperatures. This aggregation to the prismatic particles also seems to appear in the sample treated at 1200°C. These results support the ones obtained by XRD and Raman measurements.
Electrical and dielectric measurements
The electrical measurements were performed on the samples heat-treated at temperatures between 400 and 1200°C. To interpret the temperature dependence of the dc conductivity, σdc data, the Arrhenius expression [21] has been used:
Here σ 0 is a pre-exponential factor, E a(dc) the dc activation energy, K the Boltzmann constant and T the temperature. Figure 6 shows the experimental data and the fit for all the treated samples.
The maximum of the conductivity is obtained for the sample heat-treated at 1100°C, which according to the XRD pattern only contains the LiFe 5 O 8 crystal phase. For the other samples, which also contain hematite, the conductivity increases with the temperature of heat treatment, and the activation energy decreases. This behaviour can be explained by the decrease in the hematite phase until the treatment temperature reaches 1100°C. The lower conductivity of the sample treated at 1200°C compared to the one treated at 1100°C can be related to the presence of lithium ferrate crystal. Dependence of the ac activation energy (E a(ac) ) and ac conductivity (σ ac ), at 300 K and 100 kHz, with heattreatment temperatures.
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For samples treated at 1000, 1050, 1100 and 1150°C, there is a similar tendency between ac activation energy and conductivity. Similar to the dc conductivity variation of Eq. (3), the Arrhenius behaviour also fits correctly the ac data: Table 2 shows a comparison of the ac and dc activation energy for each sample.
The dielectric measurements of C p and R p allowed us to calculate the real, ε′, and the imaginary, ε″, part of the complex permittivity using the equations [22] :
Here d represents the sample thickness, A the electrode area, ε 0 the empty space permittivity and ω the angular frequency, respectively. These relations are only valid if d << A. The frequency dependence of the real part of the complex permittivity, ε′, and of the imaginary part of the complex permittivity, ε″, at constant temperature, T = 300 K, is shown in Figure 8 . Figure 8 , the sample heat-treated at 1200°C presents the higher values of ε′, but the ε″ results are not suitable for their intended use due to their high losses, tanδ = 1.12 at 300 K and 1 kHz. On the other hand, the samples with heat treatments at 1050, 1100 and 1150°C have high dielectric constant and low losses at the same conditions of temperature and frequency: 0.86, 0.40 and 0.84, respectively. Again, the behaviour is similar to that one observed with the other measurements. The increase in the complex permittivity with the treatment temperature is due to the structural and morphologic changes observed. This behaviour occurs for other ferrites [23, 24] , where an increase in ε′ with the temperature of the heat treatment is observed. The crystallite size of the particles (Figure 3) influences the dielectric response, that is, the increase in the crystallite size, which is maximum for the samples treated at 1050, 1100, 1150 and 1200°C, leads to an increase in the dielectric constant. Table 2 . The dc and ac activation energies for the samples.
According to
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The modulus formalism, where M* = 1/ε*, proposed by Macedo et al. [25] was used to study the dielectric response. Figure 9 shows the frequency dependence of the imaginary part of the modulus (M″) for the sample that was heat-treated at 1050°C. For all samples, a relaxation process is visible, as the one shown in Figure 10 , which has a shape of a decentred semicircle, with its centre situated below the abscissa axis. Figure 11 shows sample heat-treated at 1050°C, the evolution of the Nyquist plot with the temperature. From these results, the maximum of the relaxation time, τ max , (Figure 11 inset) shows a typical behaviour, that is, a decrease in the τ max with increase in the temperature. This Cole-Cole analysis can also be made with the magnetic ac susceptibility data as the work presented by Wang and Seehra [26] . This profile indicates that the simple exponential decay, corresponding to a Debye relaxation, is inappropriate to describe the relaxation phenomena and should be replaced by an empirical model, such as Cole-Cole analysis [27] :
Eq. (9) represents a modification of the Debye equation since for α M = 0, the Debye model corresponding to a single relaxation time is recovered. In Eq. (9), α M is a parameter between 0 and 1, which reflects the dipole interaction in the system; also M ∞ is the relaxed modulus; ∆M is the modulus relaxation strength; and τ M is the relaxation time.
According to the values of the exponent parameter α M , the system is a non-Debye, and for all samples, α M decreases with the temperature. It decreases from about 0.56 to 0.50 in the sample treated at 400°C and from about 0.43 to 0.30 at 1200°C treated one. For modulus relaxation strength ∆M, the behaviour is similar to exponent parameter α M , decreasing with temperature for each heat treatment (Figure 12) .
The relaxation frequency, f max = 1 ____ 2πτ , can be expressed by the Arrhenius law, where
In Eq. (10), E a is the activation energy for the relaxation process. The logarithmic representation of the relaxation frequency versus the inverse temperature, the relaxation map, allows to obtain the activation energy (Figure 13) . Also in this process, the activation energy decreases with the temperature of the treatment unless for the samples treated at 1050, 1100 and 1150°C which increases. This may be related to structural changes, since at this heat treatment temperature only the crystalline phase of lithium ferrite is present. The same tendency as the one Figure 12 . Temperature dependence of the α Cole-Cole parameter and ∆M for sample heat-treated at 1100°C [14] .
observed in the ac conductivity regime, in the samples with only one crystal phase, LiFe 5 O 8 . Table 3 resumes all the activation energies of the relaxation process.
Magnetic measurements
The magnetic measurements were performed on the samples heat-treated at 200, 400, 600, 1000, 1050, 1100, 1150, 1200 and 1400°C. Initially, the measurements were performed in ZFC condi- Table 3 . The activation energy for the relaxation process for all the samples investigated here.
Magnetic Spinels-Synthesis, Properties and Applicationstions with an applied magnetic field (B) of 0.1 T, from 5 K up to 300 K. At 300 K, magnetization (M) versus B measurements were performed. Then, FC measurements were performed from 300 K down to 5 K under the magnetic field of 0.1 T. Again, at 5 K, M versus B measurements were also performed. This experimental sequence is important to explain why after the M versus B at 300 K, an increase of magnetic susceptibility in the FC curves is observed, which can be ascribed to the remnant magnetization of the sample (Figure 14a and b) .
In Figure 14a , in the sample treated at 200°C, the results of the magnetic susceptibility recorded under ZFC and FC show the presence of a blocking temperature (T B ) between 50 and 70 K. This blocking temperature was observed with the translation of the FC curve into the ZFC curve, where T B is the temperature which separates the FC and ZFC curves. Figure 14b, shows that in the sample treated at 400 °C, T B is slightly higher, around 70 K, than in the sample treated at 200 °C. This difference can be related to the particles size, which is higher for the sample heat-treated at 400°C (Figure 5) . The dependence of the magnetic susceptibility on temperature is shown in Figure 15 . With the exception of samples treated at 200 and 400°C, a decrease in the magnetic susceptibility with increase in the temperature of measurement is observed in the remaining samples. This behaviour of the dependence of the susceptibility with the temperature was expected because it is characteristic of ferromagnetic materials. This feature will change to a non-magnetic order (paramagnetic characteristic) above Curie temperature, which is, according to Iliev et al. [8] , about 893 K for lithium ferrite This property was not observed because in our experimental procedure the maximum temperature of measurement was 300 K (Figure 15) . The sample heat-treated at 1200°C shows the highest magnetic susceptibility.
As noted earlier, the XRD diffraction patterns of the samples heat-treated at 1050, 1100 and 1150°C are characteristic of a single lithium ferrite phase (Figure 2) . The SEM micrographs of these samples (Figure 5) show an increase in the grain size, changing from about 100 nm for sample treated at 400°C to 4 µm for sample treated at 1400°C. This promotes the increase in the probability of the random distribution of magnetic moments and therefore an increase in the soft magnetic type response. In the literature [28, 29] , the magnetization of the lithium ferrite is around 60 emu/g, which is rather lower than the one obtained in this work (Figure 16 ). In these samples, the generation of the lithium ferrite phase takes to the decrease in the contribution of the α-Fe 2 O 3 particles with low magnetization. XRD and Raman results confirm that the samples heat-treated at temperatures between 1000 and 1200°C have the ordered phase α-LiFe 5 O 8 as the major phase. Very likely, this ordered ferrite phase is developed from the thermal-activated reaction between α-Fe 2 O 3 and "free" lithium ions present in the lattice, suggesting the existence of some amorphous phase, whose amount decreases with the increase in the heat-treatment temperature. The presence of this lithium ferrite phase also promotes the increase in the magnetization (Figure 16) , showing a maximum of 73 emu/g, for the sample treated at 1200°C, which is a Figure 16 . Magnetic hysteresis curves (T = 5 K). Adapted from Ref. [13] . similar value to the one obtained by Singhal [30] on lithium ferrite prepared by aerosol route. This high magnetization is attributed to the formation of Fe 3 O 4 (M s = 92 emu/g [31] ) as proved by XRD results. For this sample, the minimum magnetic field that saturates the sample is around 0.1 T, meaning that this sample magnetizes easily [13] . The further increase in the heat-treatment temperature of 1400°C also promotes the development of hematite, α-Fe 2 O 3 (Figure 2) , whose magnetization of saturation is around ~10 emu/g [32, 33] . This should be the reason for the observed decrease in magnetization from sample treated at 1200 (73 emu/g) to sample treated at 1400°C (30 emu/g) (Figure 16) . Moreover, the contribution of Li 2 FeO 3 to the absolute magnetization should be lower than the one of LiFe 5 O 8 in accordance with Hessien et al. [34] who states that the increase in the molar ratio between Fe 3+ and Li + leads to lower magnetization values.
Shirsath et al. [35] have studied this particular type of ferrite, prepared using also nitrates as initial materials but following a sol-gel method. Comparing their results with ours and taking into account the fact that the followed method was the solid-state route, the magnitudes of the magnetization for our samples are higher, nearly 73 and 55 emu/g for the sample heat-treated at 1200 and 1000°C respectively. The values for the same treatment temperatures, obtained by Shirsath et al. through the sol-gel method, are around 55 and 45 emu/g, respectively, and related to the particle size. In the referred work, as the particle size increases, the magnetization decreases. For the sample treated at 600°C, which has also a large amount of hematite (Figure 2) , the results are similar for both methods.
Conclusions
The LiFe 5 O 8 crystal phase was obtained using nitrates as raw materials by an easy and relatively inexpensive route. From the structural and morphological results, the lithium ferrite crystal phase obtained is the ordered one, α-LiFe 5 O 8 , and is mostly present in the samples with thermal treatment from 1000 to 1200°C. Heat treatments above 1150°C promote the formation of the Li 2 FeO 3 and Fe 3 O 4 crystal phases. Spherical grains related to α-Fe 2 O 3 were detected in the sample heat-treated at 1400°C. The formation of lithium ferrite phases leads to a different microstructure (prismatic grains), whose size increases with the increase in heattreatment temperature, obtaining a maximum for 1200°C. In the sample treated at 1400°C, SEM micrograph shows modification in the surface that is related to the lithium ferrate crystal phase and the appearance of α-Fe 2 O 3 .
Electrical measurements suggest that the samples with heat treatments at 1000, 1050 and 1150°C have a good dielectric response; however, the sample treated at 1100°C is more suitable for application in electronic devices.
Magnetic analysis confirms that the presence of α-Fe 2 O 3 that leads to a decrease in the magnetization as a function of the applied field. The presence of α-LiFe 5 O 8 and Fe 3 O 4 contributes to the maximum magnetization magnitude observed (73 emu/g at the sample treated at 1200°C). The magnetic susceptibility as a function of temperature has a maximum value of nearly 1750 emu (gT) −1 for the sample treated at 1200°C confirming that this sample has a good magnetic response. 
